I. INTRODUCTION
Among the III-nitride compound semiconductor materials family, indium nitride (InN) has attracted much attention due to its largest electron saturation velocity, highest mobility, smallest direct band gap, and smallest electron effective mass. Electronic transport properties of InN reveal exceptionally high peak drift velocity at room temperature which makes it highly attractive potential candidate for high speed electronics. [1] [2] [3] The Most thermodynamically favourable and stable phase of InN is hexagonal with wurtzite structure. Small band gap value of InN has widened the spectral range covered by nitrides, from the ultraviolet for AlN to the near infrared for InN. With the last-decade discovery of the lower band gap of InN, 4, 5 In x Ga 1−x N can potentially cover the whole spectral range from ultraviolet to near-infrared. This provides a significant advantage to III-nitride family for the optoelectronic device applications such as full-color light-emitting diodes and highly efficient multi-junction solar cells. 6, 7 Significant progress has been made in the growth of hexagonal InN by different growth methods and among them, the most prominent methods are molecular beam epitaxy (MBE), [8] [9] [10] [11] [12] [13] metal organic vapor phase epitaxy (MOVPE), 14 high-pressure chemical vapour deposition (HP-CVD), 15, 16 sputtering, [17] [18] [19] [20] migration enhanced afterglow, 21 and pulsed laser deposition. 22 InN has a relatively low decomposition temperature and possesses high nitrogen equilibrium vapor pressure. 1 The challenge of low dissociation temperature and high nitrogen vapor pressure necessitates lower temperature growth techniques and recipes for InN. Moreover, growth techniques which operate at high temperatures pose incompatibilities with temperature-sensitive substrates (e.g. glass, flexible polymers). Experimental efforts for enabling low temperature growth of InN are imperative to widen its perspective for applications in flexible (opto)electronics as well. Towards this goal, we recently have demonstrated the low-temperature atomic layer deposition of ternary In x Ga 1−x N, B x Ga 1−x N, and B x In 1−x N alloys on Si substrates using a remotely integrated hollow-cathode plasma source. 23 , 24 Nepal et al. have reported atomic layer epitaxy (ALE) of InN thin films on sapphire, the conventional substrate material for III-nitride growth, utilizing quartz-based inductively coupled plasma source. 25 On the other hand, silicon, the material of choice for micro-electronics industry, offers cost-effective, large wafer-diameter, high-quality substrates with inherent CMOS manufacturing compatibility. Highquality III-nitride layers grown on Si at low temperatures (<400
• C) might offer an opportunity for CMOS integrated (opto)electronic device applications. Although Si(111) features a smaller lattice mismatch with III-nitrides, its price is twice as that of Si(100). Moreover, Si(100) offers default compatibility with existing CMOS technology as compared with Si(111). Taking cost and CMOScompatibility advantages into consideration, InN has been grown on Si(100) using MBE, 26 femto second pulsed laser depositon, 22 and laser assisted CVD. 27 As high-temperature growth methods further pose conflicts with existing CMOS technology, atomic layer deposition presents an alternative strategy to grow III-nitride films on Si substrates at low temperatures.
Atomic layer deposition (ALD) is a low-temperature vapor phase thin film deposition technique which consists of two unit sub-cycles repeated in a sequential manner. Growth reactor is exposed to only a single precursor at a time and two subsequent precursor exposures are separated by purging and/or evacuation periods. After all the available reactive sites are occupied by precursor molecules, surface becomes saturated and the corresponding dose of precursor is the optimized dose to achieve self-limiting growth. Advantages of ALD over other thin film growth techniques are sub-monolayer level control over film thickness, low-temperature growth, ultimate conformality, and wafer-level uniformity. When compared with conventional thermal ALD process, plasma-assisted ALD (PA-ALD) is an energy-enhanced ALD technique in which energetic radicals are used to accelerate the self-terminating ALD reactions. Merits of PA-ALD over thermal ALD include improved material properties, reduced growth temperatures, increased number of suitable precursors and materials, better control of stoichiometry, and minimized/eliminated nucleation delays. 28, 29 In this work, we report on the development of crystalline InN layers on Si(100) with relatively low impurity content at 200
• C by hollow-cathode plasma-assisted atomic layer deposition (HCPA-ALD). Trimethylindium (TMI) and N 2 plasma have been used as indium and nitrogen precursors, respectively. Process parameters including TMI pulse time, N 2 plasma exposure time, purge time, and deposition temperature have been optimized for self-limiting growth of InN. Additionally, impact of these process parameters on film quality has been investigated and described in detail. Structural, optical, and morphological characterization of the grown InN thin films were performed and presented.
II. EXPERIMENTAL

A. Film Deposition
InN thin films were deposited in a modified Fiji F200-LL remote-plasma ALD reactor (Ultratech/CambridgeNanoTech Inc.), which is backed by an Adixen ACP 120G dry scroll vacuum pump.
Original system was revamped by replacing the quartz-based inductively coupled plasma (ICP) source with a stainless steel hollow-cathode plasma (HCP) source (Meaglow Ltd., Thunder Bay, ON, Canada). The original RF power supply (Seren IPS Inc., R301), matching network controller (Seren IPS Inc., MC2), and automatic matching network (Seren IPS Inc., AT-3) units were used to activate the HCP discharge. Si(100) and double-side polished quartz substrates were cleaned by sequential ultrasonic agitation in 2-propanol, acetone, and methanol, followed by rinsing with DI water and drying with N 2 . Native oxide layer on Si was removed by submerging the samples into dilute hydrofluoric acid solution for 2 min, followed by rinsing with DI water and drying with N 2 . Substrates were kept at deposition temperature for at least 20 min before the growth process was started. The rotation speed of the Adixen ATH 400 M turbo pump was adjusted in order to keep the reactor pressure fixed at ∼150 mTorr during growth sessions, whereas the base pressure of the system was lower than 10 −5 Torr. Trimethylindium (TMI -99.999%, Dockweiler GmbH.) and N 2 plasma have been used as indium and nitrogen precursors, respectively. Organometallic precursors and N 2 plasma were carried from separate lines using 30 and 100 sccm Ar, respectively. Ar is used as the carrier gas for N 2 plasma so the plasma is a mixed N 2 /Ar plasma, including nitrogen radicals, Ar neutrals and possibly Ar + ions. N 2 plasma gas flow rates and plasma power were constant in all experiments as 50 sccm and 300 W, respectively. Both N 2 and Ar gases were of 99.998% purity which were further purified through Microtorr (MCL-702F) gas purifier units.
B. Film Characterization
Grazing-incidence X-ray diffraction (GIXRD) patterns were recorded in an X'Pert PRO MRD diffractometer (PANalytical B.V., Almelo, Netherlands) using Cu Kα radiation. Data were obtained within the 2Θ range of 10-90
• by the summation of ten scans, which were performed using 0.1
• step size and 15 s counting time. Interplanar spacing (d hk l ) values were calculated from peak positions using the well-known Bragg's law. Lattice parameters a and/or c were calculated by substituting d hkl values in Eqn. (1) , which relates the interplanar spacing (d hkl ), miller indices (hkl), and lattice parameters (a and c) for hexagonal crystals.
Elemental composition, valence band spectra, and chemical bonding states of the InN thin films were determined by X-ray photoelectron spectroscopy (XPS) using Thermo Scientific K-Alpha spectrometer (Thermo Fisher Scientific, Waltham, MA) with a monochromatized Al Kα X-ray source. Sputter depth profiling was performed with a beam of Ar ions having an acceleration voltage and spot size of 1 kV and 400 µm, respectively. Surface morphologies of the InN thin films were revealed using SEM (FEI, Hillsboro, OR NNL 600i) and an atomic force microscope (AFM) (XE-100E, PSIA, Suwon, Korea) which was operated in the non-contact mode.
Tecnai G2 F30 transmission electron microscope (TEM) (FEI, Hillsboro, OR) was utilized for the high-resolution (HR) imaging and obtaining selected area electron diffraction (SAED) pattern of the InN thin film sample, which was capped with a ∼20 nm AlN layer before TEM sample preparation. AlN was deposited at 200
• C using HCPA-ALD, details of which are given elsewhere. 30 TEM sample was prepared by a Nova 600i Nanolab focused ion beam (FIB) system (FEI, Hillsboro, OR) with an acceleration voltage of 30 kV using various beam currents ranging from 50 pA to 21 nA. Damage layer was removed by FIB milling at a beam voltage of 5 kV. Elemental mapping was performed in TEM, using an energy dispersive X-ray spectrometer (EDX).
Spectral transmission measurements were performed with a UV-VIS spectrophotometer (HR4000CG-UV-NIR, Ocean Optics Inc.) in the wavelength range of 200-1000 nm relative to air, and the optical constants of the films were determined using a variable angle spectroscopic ellipsometer (V-VASE, J.A. Woollam Co. Inc., Lincoln, NE) which is coupled with rotating analyzer and xenon light source. The ellipsometric spectra were collected at three angles of incidence (65
• , 70
• , and 75 • ) to yield adequate sensitivity over the full spectral range. Optical constants and film thickness values were extracted by fitting the spectroscopic ellipsometry data. The numerical iteration was performed to minimize the mean-square error function using WVASE32 software (J.A. Woollam Co. Inc., Lincoln, NE). The homogeneous Tauc-Lorentz (TL) function was used as an oscillator. The absorption coefficient,
was calculated from the k(λ) values determined from the ellipsometry data. Optical band gap (E g ) is expressed by the following equation for direct band gap materials, which can be analytically extracted via extrapolation of the linear part of the absorption spectrum to (αE) 2 = 0.
III. RESULTS AND DISCUSSIONS
Several parameters including N 2 plasma exposure time, TMI pulse, purge time, and growth temperature were studied and optimized in order to develop the self-limiting ALD growth recipe for InN. During optimization experiments, N 2 plasma flow rate and plasma power were kept constant as 50 sccm and 300W, respectively. Figure 1 shows the effect of indium and nitrogen precursor doses on the growth rate of InN. Initially, TMI pulse length, purge time, and growth temperature were kept constant as 0.07 s, 10 s, and 200
• C, respectively. N 2 plasma exposure time was varied to investigate the effect on growth rate. After each growth run using different N 2 plasma exposure time, spectroscopic ellipsometer measurement was carried out subsequently to extract the thickness of the grown film. Growth rate was then evaluated by dividing the measured film thickness with the total number of growth cycles. Growth rate decreases progressively with increase in N 2 plasma exposure time from 40 s to 100 s. It was found as 1.60 Å/cycle with 40 s of plasma exposure time which decreases to 0.64 Å/cycle under 100 s of exposure time. Growth rate remained constant as 0.64 Å/cycle with 120 s of N 2 plasma exposure time, which shows that 100 s of N 2 plasma exposure time is enough to saturate InN growth rate. In order to explore the main cause of growth rate decrease, all the samples were examined by XPS and the data is presented as inset of Figure 1 . Films were etched using Ar + ions before taking XPS data to obtain elemental concentrations from the bulk of the films. XPS measurements revealed a decrease in carbon content of the films with increase in N 2 plasma exposure time. With 40 s N 2 plasma exposure time, 19 at. % carbon was found in the bulk of the film. Carbon content decreases to ∼3 at. % with the increase in N 2 plasma exposure time to 100 s. Previously, we have demonstrated HCPA-ALD of AlN, BN, and GaN films using the trimethylaluminum, triethylboron, and trimethylgallium, respectively together with N 2 /H 2 plasma. [30] [31] [32] These metal precursors belong to the organometallic precursor family which contains methyl/ethyl groups bonded to metal atoms. Purpose of using H 2 plasma in addition to N 2 plasma was to effectively remove the carbon ligands during the film growth. However, in the case of InN (deposited using non-optimized parameters), we had found that addition of H 2 plasma with N 2 plasma as second precursor resulted in InN films with poor crystalline quality showing high level of impurities with significant voids in the films, resulting in low-density films. 33 This profound effect of H 2 plasma was attributed to plasma-related deterioration during the growth. In that context, present results illustrate that N 2 -only plasma exposure time is critical in removing the carbon containing ligands of TMI and results indicate that higher N 2 plasma exposure time is necessary to obtain InN films with minimum amount of carbon incorporation. For the TMI saturation curve (Fig. 1) , N 2 plasma dose, purge time, and growth temperature were kept constant at 100 s, 10 s, and 200
• C, respectively. Deposition rate increased with increasing TMI dose until 0.07 s, where growth rate became saturated at ∼0.64 Å/cycle. Increasing the TMI pulse length above 0.07 s does not affect the amount of species adsorbed. Hence, reaction becomes self-terminating with sufficiently long TMI exposure and growth-per-cycle (GPC) shows a decent saturation behaviour.
Film thickness vs. number of deposition cycles is given in Fig. 2 . The growth can be considered in steady regime where film thickness increases linearly with increasing number of cycles. Linear growth behaviour is an important hall mark of self-limiting ALD due to several reasons: number of cycles does not alter the number of surface reactive sites and steric hindrance of the ligands of the adsorbed species causes saturation. Steric hindrance is a well-known term in ALD where adsorbed ligands in one half reaction can shield/shadow part of the surface from being accessible to the second reactant and surface is considered "fully saturated." 29 Additionally, these results show that growth of InN begins immediately on the substrate without any incubation period. Indeed, it seems that InN growth exhibits a slight substrate-enhanced behaviour taking into account the non-zero extrapolation of the linear-fitting line. Substrate enhanced growth refers to a growth type in which number of reactive sites on the substrate is higher than on the ALD-grown material, which results in higher GPC in the beginning of the growth than at the steady regime. 29 The purging time between the TMI and N 2 plasma exposure steps must also be sufficiently long. If not long enough purged, the GPC increases due to overlapping of metal and nitrogen precursors in gas phase, leading to non-self-limiting chemical vapor deposition (CVD)-type of growth. On the other hand, purge cycles should be short enough so that possible desorption of chemisorbed precursor molecules from the substrate surface can be avoided. 29 The effect of purge time on deposition rate (Inset of Fig. 2 ) was studied at 200
• C by keeping the TMI pulse length (0.07 s) and N 2 plasma exposure time (100 s) at its optimized conditions. Growth rate remained constant as 0.64 Å/cycle for purge times within 5 -20 s range, indicating that the studied range of purge time satisfies the necessary conditions for self-limiting ideal ALD. Based on this result, purging time for InN growth cycle was set to 10 s.
Deposition rates of InN thin films and In/N ratio has been obtained at substrate temperatures ranging from 150 to 350
• C (Fig. 3) . Growth rate decreases sharply from 1.36 to 0.64 Å/cycle with the increase in growth temperature from 150 to 200
• C, respectively. With further increase in substrate temperature, GPC further decreases to ∼0.52 Å/cycle and remains saturated around this value within the temperature range of 250-350
• C. XPS measurements from bulk of InN sample grown at 150
• C reveal 25 at. % carbon which suggest the ineffective removal of carbon containing ligands (methyl groups) of TMI in the growing film possibly due to insufficient thermal energy for the completion of TMI-N 2 plasma reaction. These unreacted carbon containing ligands are the main reason for the high growth rate at 150
• C. XPS measurements were conducted on InN samples grown at different temperatures in which data was collected from the surface of the thin films. In/N ratio was computed from the surface composition of InN thin films and plotted against substrate temperature (Fig. 3) . At 150
• C, film is found to be N rich with In/N ratio of 0.62 while films are In rich (In/N>1) at temperatures above 200
• C. At 200 • C, film was nearly stoichiometric with In/N ratio of 1.03. A similar trend has been reported for ALE-grown InN films by Nepal et al. where they found N rich films for substrate temperatures below 180
• C and In rich films above 180
• C. 25 Additionally, they reported that N rich InN films were insulating while In rich InN films exhibited lower resistivity. Less resistive In rich films were correlated with nitrogen vacancies (V N ) which is the major contributing source of electrons in InN films. These V N were believed to form with sufficient thermal energy only at growth temperatures above 200
• C. 25 A summary of the studied growth parameters for HCPA-ALD grown InN thin films and established values are provided in Table I .
After optimization of the main growth parameters, a 700-cycle growth of InN was carried out at 200
• C on Si(100) and double-side polished quartz for detailed material characterization at optimized conditions listed in Table I . In the rest of the article, this thin film is referenced to XPS measurement was used to analyze the elemental composition, chemical bonding states, and impurity contents of the InN film. All the spectra have been corrected for any possible charging effects, by referencing them to C1s (285.0 eV). Survey spectrum from the surface of the film shows the presence of In 3d, N 1s, C 1s, and O 1s elements. Table II shows the chemical composition of InN film deposited on Si(100) surface, both on the as deposited surface and in the bulk. Table II illustrates that In/N ratio is closer to ∼1; which indicates that InN deposited at 200
• C possesses near-ideal stoichiometry. Surface of the film showed a highly oxidized and contaminated (21% oxygen and 31% carbon) character. High concentration of adventitious carbon and oxygen found on the surface of the film originates from post deposition atmospheric exposure. InN thin film was etched by Ar + ions for 60 s in order to obtain XPS survey scan from the bulk of the films. Analysis of the bulk InN reveals that In/N ratio is greater than unity and indicates nitrogen deficient films.
Similar behaviour has been observed in case of ion beam deposited and reactively sputtered InN films. 34, 35 This observed difference in stoichiometry from surface and bulk of the films have been explained by preferential sputtering of N atoms by Ar + ions used to sputter and depth profile the film of interest. Despite the fact that Ar + ion etching of InN does not provide information about stoichiometry from the bulk of the film due to limitation of preferential etching, it is a suitable method to estimate impurity concentration within the bulk of the film. ∼2 at. % oxygen and ∼3 at. % carbon was observed in the bulk of InN sample. Although minimized by the long N 2 -plasma exposure cycles, C1s signals originating from the bulk of the film indicates that carbonaceous ligands from indium precursor have not been removed completely during the reaction of TMI and N 2 plasma. At this point, we are not sure about exact source of oxygen. However, oxygen might come from possible sources such as impurities in plasma gases and organo-metallic precursors as well as from trapped oxygen/water vapor within the relatively thick, multi-layer coatings on the inner walls of the ALD reactor. Moreover, as films are relatively thin, molecular oxygen and water vapor from atmospheric ambient might diffuse into the InN thin film after the deposition which depends on film characteristics such as grain growth, grain boundaries, stability, defects etc. Either of the above can contribute to the oxygen incorporation in InN thin films. Figure 4 represents the compositional depth profile of InN film deposited on Si(100) substrate, which reveals the variation in atomic ratios of indium, nitrogen, carbon, oxygen, and silicon along the etching direction from the air/InN interface towards the InN/Si(100) interface. Film stoichiometry was disturbed after the first etching step due to the reason mentioned above. This data reveals that elemental concentration of In and N remains constant in the film along the etching direction. Both oxygen and carbon atomic concentration decays rapidly after the first etching step and becomes nearly constant after second etching step. The high-resolution scans of In3d and N1s are given in Figs. 5(a) and 5(b), respectively, both of which refer to the bulk film (t etch = 60 s). The In3d spectrum is known to contain the In3d 5/2 and In3d 3/2 spin-orbit doublet (separation of 7.6 eV) and an intensity ratio of 3:2.
36 FWHM and asymmetry of the peaks suggest more than one type of bonding scheme for indium and nitrogen. In3d HR spectra (Fig. 5(a) ) shows In3d 5/2 and In3d 3/2 spin orbit doublet and both of these peaks have been deconvoluted in to two Gaussians. In3d 5/2 subpeak originating at 443.5 eV corresponds to In-N bond while second subpeak at 444.42 eV is associated with In-O bonds.
36,37 In3d 3/2 peak was deconvoluted into two subpeaks located at 451.49 and 451.88 eV, respectively. Former corresponds to In-N bond while later indicates again the presence of In-O species. 16 The difference between the binding energies of the two In-3d spin orbit doublet peaks is 7.63 eV which is in agreement with previously reported values. 36 N1s spectra is deconvoluted with two Gaussians as shown in the Fig. 5(b) . Literature reports show that N-In bond in nitrogen spectra shows feature at 396.4 eV. 36 Therefore, first subpeak in N1s spectra detected at 396.8 eV can be attributed to the N-In. Bello et al. showed that the most probable formations in InN other than indium-nitride are oxynitrides. 35 Any form of N-O bonding will appear in the spectra at higher binding energy with respect to the main peak (396.4 eV), i.e., the shoulder peak can be attributed to the presence of In-O bond. 36, 37 XPS-measured valence band spectrum of HCPA-ALD grown sample was obtained in order to extract information about electronic structure of the InN sample (Fig. 6) . The position of the valence band maxima has been determined from linear extrapolation of leading edge and base line (inset of Fig. 6 ). It turns out that VBM lies at ∼1.7 eV below Fermi level for InN sample. It shows that In4d peaks are by 16.1 eV from VBM of InN. Similar values of VBM has been reported in literature for InN films grown using different techniques. 37, 38 In our case, we have determined the band gap of InN as ∼1.9 eV by the help of optical characterization of our sample, which will be discussed later in the article. VBM position reveals that Fermi level is located fairly close to the conduction band and this in turn indicates that the grown InN layers should have n-type conductivity. However, we are not able to confirm this n type conductivity by Hall measurements due to substantial resistivity levels in the samples. Investigations on the origin of this highly resistive character are ongoing. Figure 7 (a) shows plane view SEM images of InN thin film deposited on Si(100) substrate using optimized parameters. Highly uniform grainy structure is apparent. Spread of grain size is relatively high as some grains grew larger than the others. Average grain size was estimated using Image J image analysis software where grains were marked using the grain boundaries as edges of the grains. Average area of grains was estimated as 3.9 × 10 −4 µm 2 while average diameter was calculated as ∼22 nm. Surface morphology of the InN thin film was also examined by AFM. Figure 7(b) shows the surface scan of InN thin film. Root mean square (Rms) surface roughness of the ∼48 nm thick InN film was measured as 0.98 nm from a 1µm × 1µm scan area. The structural properties of InN films were studied by GIXRD (Fig. 8) . Measurement was performed on ∼48 nm thick InN grown on Si(100) substrate. The polycrystalline wurtzite structure of InN is clearly visible in the recorded GIXRD spectrum. The exhibited pattern was indexed by hexagonal crystal system (ICDD reference code: 00-050-1239). The lattice parameters a and c were calculated using 2θ positions of (002) and (100) reflections. Interplanar spacing (d hkl ) values of (002) and (100) planes were calculated from Bragg's law and it was inserted into Eq. (1) to obtain the c and a axis lattice parameters. c-axis lattice parameter was deduced as 5.71 Å which is close to the value of 5.70 Å reported for fully relaxed InN films 39, 40 a-axis lattice parameter was calculated to be 3.53 Å which matches well with the strain free InN films reported in the literature. 39, 40 Recently, we have reported a and c axis lattice parameters of a ∼20 nm InN grown using HCPA-ALD as 3.50 and 5.61 Å, respectively. 23 For a thick InN film (∼48 nm) reported in the present case, shift of lattice parameters towards the ideal values of stain free InN indicates the relaxation of the film. Strain reduction with the increase in thickness of the polycrystalline InN thin films has been reported in the literature as well. TEM experiments were carried out on InN sample grown at 200 • C on Si(100) in order to further explore the crystal structure in detail. The sample to be examined was capped with an AlN layer to prevent any possible crystal damage of InN by high energy Ga ions of the FIB system, which is used to prepare the samples to be analysed. The average thickness of InN was measured as ∼43 nm from cross-sectional TEM measurements, which is in close agreement with the thickness data obtained from XRR measurments. Fig. 9(a) shows the cross-sectional TEM image of InN sample which depicts the interface of InN with SiO 2 /Si. Polycrystalline structure showing several individual crystalline domains of InN with different crystallographic orientations is visible. A ∼3 nm thick amorphous SiO 2 layer was observed at the InN/Si interface, which could either form during TEM sample preparation using FIB or it was present as native oxide on the surface of Si before the InN growth. Refractive index and extinction coefficient of InN film deposited at 200
• C are shown in Fig. 10(a) . Refractive index, which is 2.66 at 650 nm, decreases to 2.09 at 1500 nm. These values are in good agreement with the reported values for polycrystalline hexagonal InN thin films. 41 Previously, we had reported refractive index value of 2.55 at 650 nm for a ∼20 nm InN thin film grown by HCPA-ALD at the same substrate temperature but non-optimized growth conditions. 33 This shows that, with the increase in thickness of InN from 20 to 48 nm, refractive index increased from 2.55 to 2.66 at 650 nm. This improvement might be attributed to film densification with the increase in thickness of the film. Extinction coefficient (k) of InN film, which is ∼0.51 at 600 nm, decreases rapidly within the wavelength range of 600-800 nm. At longer wavelengths, k value further decreases and reaches rather insignificant level. 2 vs. hν plot, which is obtained from spectroscopic ellipsometer measurement and related data analysis as explained in experimental section. Straight line segment of the plot was extrapolated to abscissa which reveals the optical band gap of the material as ∼1.9 eV. Inset of Fig. 10(b) shows optical transmission spectra of InN sample grown on double 33 InN thin film exhibits 40-50% transmission in the visible regime, which approaches up to 60-70% in the NIR regime. There is a huge controversy in literature for experimental InN thin film band gap values and origin of the observed InN band gap variations between 0.6 and 2.3 eV is not very well understood. This significant discrepancy has been ascribed to several reasons and among them the most prominent ones are the Burstein-Moss shift, defect levels, stoichiometry, and impurity levels. 0.7 eV has been dominantly reported as the optical band gap for MBE-grown single-crystalline InN which became most popular and widely accepted, however there are some doubts as well that this value might originate from a 0.7 eV trapping level. Energy band gap less than 1 eV is mostly obtained from single crystalline InN films, while larger band gap values are reported mostly for polycrystalline InN thin films. From the view point of narrow band gap, larger band gap (1.9 eV) might be due to formation of oxynitrides which have considerable larger band gap than InN. Polycrystalline films can contain a significant level of oxygen incorporation at their grain boundaries which might be the cause of higher band gap in polycrystalline films. There is a growing evidence of 1.1-1.5 eV band gap for InN films in the literature as well. In view of numerous different reports, further investigation will be helpful to reach conclusive evidence for establishing a unanimous InN band gap. 1, 3, 42 
IV. SUMMARY AND CONCLUSIONS
In this study, we have deposited crystalline InN thin films on Si(100) with self-limiting HCPA-ALD at temperatures as low as 200
• C. Growth rate decreased from 1.60 to 0.64 Å/cycle with increase in N 2 plasma exposure time from 40 s to 100 s. This higher growth rate with 40 s of N 2 plasma exposure was attributed to presence of carbon in InN films which was originating from the partial removal of carbon containing TMI ligands. Longer N 2 plasma exposure time helped in removing carbonaceous ligands more effectively, which decreased the growth rate of InN. Growth rate at 200
• C was saturated as 0.64 Å/cycle for TMI dose starting from 0.07 s. Film thickness increased linearly with number of cycles and no nucleation delay was observed. Purge time had no effect on growth rate in the studied range (5-20 s). InN film deposited at 200
• C was polycrystalline with hexagonal wurtzite structure as determined by GIXRD. XPS survey scans and high resolution XPS measurements confirmed the successful growth of stoichiometric InN films with relatively low impurity content. AFM revealed smooth films with Rms surface roughness of 0.98 nm while XRR reveals film density of 6.30 g/cm 3 . TEM and SAED measurements verified the polycrystalline structure of InN thin films and EDX elemental mapping revealed uniform distribution of indium and nitrogen along the scanned area of the InN film. Film exhibited refractive index of 2.66 at 650 nm and optical band edge at 1.9 eV. The results of this study might be further improved to achieve device-layer quality InN films at low substrate temperatures.
